GASTROESOPHAGEAL REFLUX DISEASE (GERD) is extremely common in Westernized countries, with a prevalence of up to 42% in the United States alone (10) . Chronic GERD esophagitis is a known risk factor for the development of Barrett's esophagus, a premalignant condition associated with an increased risk for the development of esophageal adenocarcinoma. Thus a clear understanding of the mechanisms by which GERD leads to esophageal inflammation not only is critical to improving the current treatment of this common disease but is also highly relevant for the prevention of esophageal cancer.
Morphological and electrophysiological events that occur during acid exposure to the esophageal epithelium have been previously described by others (33, 39 -43, 51, 52, 54) . Using in vivo acid-perfusion models, Orlando et al. (43) reported that the rabbit esophageal epithelium undergoes increased passive epithelial permeability, loss of osmolar regulation, and cellular edema, culminating in epithelial cellular necrosis and inflammation. These results suggested that injury to the esophageal epithelium may be a prerequisite for GERD-induced esophageal inflammation.
In contrast to the notion that caustic epithelial injury causes GERD esophagitis, it was recently proposed that GERD esophagitis may be the result of immune-mediated epithelial injury. Using a rat model of reflux esophagitis, Souza et al. (49) reported that the development of epithelial IL-8 immunoreactivity occurred early in the course of gastroesophageal reflux. Furthermore, the epithelial infiltration of lymphocytes and neutrophils was observed prior to the histological evidence of mucosal erosions, suggesting that epithelial damage was not required for the development of esophagitis in this model system.
Common to both the "caustic injury" and "immune-mediated injury" hypotheses is the clinical observation that GERD esophagitis is characterized by the retention of proinflammatory cells within the esophageal epithelium. IL-8 has been linked to the pathogenesis of GERD (19 -20, 22-23) and is presumed to play an important role in the chemoattraction of leukocytes to the esophageal epithelium. However, the mechanisms by which esophageal epithelial IL-8 expression is induced remains incompletely understood.
The "danger hypothesis" first suggested that recognition of tissue damage is crucial for the activation of the host innate immune system (36) and proposed that cell injury can lead to inflammation in the absence of pathogenic stimulation. Cell necrosis is widely recognized as a proinflammatory process, mediated by the release of danger-associated molecular patterns (DAMPs) from dying cells (2, 6, 12, 34, 44) . In contrast to apoptotic cells whose intracellular contents remain hidden from immune surveillance (29, 31, 46) , the hallmark of cell necrosis is the loss of plasma membrane integrity and the release of DAMPs, which activate the host innate immune system in an effort to repair tissue damage.
We sought to identify a potential mechanism by which esophageal epithelial damage might lead to the expression of proinflammatory cytokines relevant to GERD. We recently characterized the expression profile of primary and immortalized nontransformed human esophageal epithelial cells, and found that Toll-like receptor (TLR) 3 was the most highly expressed and functional TLR in response to stimulation by the double-stranded RNA (dsRNA) analog polyinosinic:polycytidylic acid [poly(I:C)]. In addition to its role in sensing dsRNA derived from viral replication, TLR3 signaling has been pre-viously implicated in the sensing of cell death in animal model systems (8, 25) . To date, the role of TLR3 signaling in the context of esophageal epithelial injury has not been investigated. In the present study, we explore a novel hypothesis that esophageal epithelial cell damage and necrosis may incite the innate immune responses by human esophageal epithelial cells through TLR3 signaling, leading to the inducible expression of IL-8.
MATERIALS AND METHODS
Cell culture. EPC2-hTERT, TE-1, and Caco-2 cells were grown in monolayers at 37°C in a humidified 5% CO2 incubator. EPC2-hTERT cells were maintained in keratinocyte serum-free medium (KSFM) containing 0.9 mM calcium supplemented with epidermal growth factor (1 ng/ml), bovine pituitary extract (50 g/ml), penicillin (100 units/ml), and streptomycin (100 g/ml) (Invitrogen, Carlsbad, CA). Caco-2 and TE-1 cells were cultured in DMEM supplemented with fetal bovine serum, penicillin (100 units/ml), and streptomycin (100 g/ml). Bay11-7082 (10 M) (Enzo Life Sciences, Plymouth Meeting, PA) or DMSO vehicle control (Sigma) were used in NF-B inhibition studies.
Induction of necrosis and NCS stimulation. Confluent monolayers of EPC2-hTERT, TE-1, and Caco-2 cells were harvested by trypsinization, and 1 ϫ 10 6 cells were resuspended in 3 ml of appropriate maintenance growth medium. Cell suspensions were subjected to five cycles of freeze-thawing, alternating between liquid nitrogen and 37°C. Necrotic cell supernatants (NCS) were separated from necrotic cell pellets (NCP) by centrifugation at 1,000 rpm at 4°C. NCP were washed in PBS, centrifuged, and resuspended in 3 ml of fresh cell culture medium. For control experiments, complete KSFM was subjected to five cycles of freeze-thawing.
For stimulation experiments, EPC2-hTERT cells were seeded at a concentration of 1 ϫ 10 5 in KSFM in 12-well plates. The following day, cells were washed twice with PBS and stimulated with 333 l of NCS (derived from ϳ1.1 ϫ 10 5 necrotic cells), NCP, or medium for various time points, at 37°C. This specific volume of NCS was used to stimulate EPC2-hTERT cells with NCS using a 1:1 ratio of live to necrotic cells.
Quantification of RNA in NCS samples and controls was performed by using a Qubit Fluorometer (Invitrogen) according to manufacturer's recommendations.
Induction of acid-induced necrosis. Confluent monolayers of EPC2-hTERT cells (1 ϫ 10 6 cells) were incubated in acidified HBSS at pH 2 for 24 h at 37°C. Cells were harvested by scraping, and cell suspensions were centrifuged at 1,000 rpm at 4°C. Acidified necrotic cell supernatants (acid-NCS) were collected and used immediately to stimulate live EPC2-hTERT cells for 3 h at 37°C. For control experiments, live EPC2-hTERT cells were stimulated with fresh HBSS and acidified (pH 2) HBSS. RNA was quantified in acid-NCS samples following neutralization to pH 7.4 by use of a Qubit Fluorometer.
RNA isolation and stimulation. RNA was isolated from EPC2-hTERT cells by using an RNeasy kit (Qiagen, Valencia, CA) according to manufacturer's recommendations. For RNA stimulation experiments, purified RNA was diluted to 10 g/ml in complete cell culture medium and used immediately for stimulation experiments.
Quantitative RT-PCR. RNA samples (0.5 g/sample) were reverse transcribed by use of a high-capacity cDNA reverse transcriptase kit (Applied Biosystems, Foster City, CA). Preformulated TaqMan Gene Expression Assays were purchased from Applied Biosystems for IL-8 (Hs00174103_m1) and GAPDH (4352934E). Quantitative RT-PCR was performed by using the Taqman Fast Universal PCR Master Mix kit (Applied Biosystems), and reactions were performed in triplicate by using 96-well optical plates on a StepOnePlus Real-Time PCR System (Applied Biosystems). GAPDH was used as an endogenous control to normalize the samples using the ⌬⌬C T method of relative quantitation, where C T is the threshold cycle.
Cytokine assay. IL-8 secretion was quantified by enzyme-linked immunosorbent assay (BD OptEIA human IL-8 ELISA kit, BD Biosciences, San Jose, CA) according to manufacturer's instructions. IL-8 levels in each sample were calculated on the basis of a standard curve generated by human recombinant IL-8 provided with the kit. Results were expressed as means ϩ SD in picograms per milliliter.
Western blot. EPC2-hTERT, pBabe-puro, and pBabe-puro-⌬TIR-TLR3 cells were washed with ice-cold PBS and lysed with RIPA buffer (1% Nonidet P-40, 1% sodium deoxycholate, 0.1% SDS, 0.9% NaCl, 25 mM Tris, 1 mM EDTA) containing a protease inhibitor cocktail (Sigma). Cells were scraped and incubated on ice for 1 h. Lysates were cleared by centrifugation for 10 min at 4°C, and supernatants were stored at Ϫ80°C until later use. Protein concentrations were determined via a BCA protein assay (Pierce Biotechnology, Rockford, IL). Proteins were separated by electrophoresis by using NuPage 4 -12% Bis-Tris gels (Invitrogen) and transferred to nitrocellulose membranes. Membranes were blocked with 2.5% nonfat dry milk and 2.5% bovine serum albumin overnight at 4°C. Membranes were incubated with primary antibody for 1 h at room temperature, washed in Tris-buffered saline Tween-20 (TBST), incubated with secondary antibody for 1 h at room temperature, and washed again in TBST. The signal was developed by using an ECL Western blotting detection kit (GE Healthcare) according to manufacturer's recommendations. Rabbit anti-human IB␣ (Santa Cruz Biotechnology, Santa Cruz, CA) was used at a concentration of 1:1,000, and mouse anti-actin (Cell Signaling Technology) was used at a concentration of 1:2,000. Secondary antibodies included horseradish peroxidase-conjugated anti-rabbit (1:2,000) and anti-mouse (1:5,000) (GE Healthcare).
Retroviral vectors and generation of DN-TLR3 cell lines.
A cDNA encoding a dominant negative (DN) form of TLR3 was amplified by polymerase chain reaction with the pZero-hTLR3tirless plasmid (Invivogen) as a template. This DN-TLR3 gene was subcloned into the retroviral vector pBabe-puro at its BamH1 and Sal1 sites, resulting in the pBabe-puro-⌬TIR-TLR3 plasmid. The sequence of the inserted construct was verified by DNA sequencing.
Replication-incompetent retroviruses were produced by transfection of empty pBabe puro vector and pBabe-puro-⌬TIR-TLR3 into Phoenix-Ampho packaging cell lines by using Lipofectamine 2000 according to manufacturer's recommendations. Infected medium was harvested at 48 and 72 h after transfection, filtered, and stored at Ϫ80°C until further use; 0.5-1.5 ϫ 10 5 EPC2-hTERT cells were seeded in six-well tissue culture plates 24 h prior to viral infection. Cells were infected with 0.4 ml of virus-containing medium in complete KSFM, in the presence of 4 g/ml hexadimethrine bromide (Sigma). Plates were centrifuged at 1,800 rpm at room temperature for 45 min, and medium was replaced with fresh KSFM. At 36 h after infection, 0.5 g/ml of puromycin (Sigma) was added for 5 days to select for cells expressing pBabe-puro genes.
Immunofluorescence. pBabe-puro-⌬TIR-TLR3 and pBabe-puro cells were seeded in glass chamber slides. The following day, cells were washed with PBS and fixed in 10% neutral buffered formalin for 5 min. For unpermeabilized conditions, cells were blocked with 5% donkey serum, then incubated in mouse anti-TLR3 MAb (1:50) (Imgenex, San Diego, CA) overnight at 4°C. For permeabilized conditions, cells were incubated in 0.2% Triton X-100 for 10 min at room temperature, followed by blocking and primary antibody as above. After washing with PBS, Cy3-conjugated donkey anti-mouse secondary antibody was applied for 2 h at room temperature (1:800). Cells were washed in PBS and stained with 4,6=-diamidino-2-phenylindole (Invitrogen) according to manufacturer's recommendations.
Images were taken using a Plan-Apochromat ϫ63/1.4 oil objective on an inverted Zeiss Axiovert 200M microscope equipped with Zeiss LSM510 META NLO laser scanning confocal system. For the red and the blue channel, the 543-nm laser line from a HeNe laser and 740-nm wavelength from Coherent Chameleon ultrafast tunable two-photon laser were used, respectively.
Statistical analysis. The two-tailed Student's t-test was used. A P value of less than 0.05 was considered to be statistically significant.
RESULTS

Stimulation of EPC2-hTERT cells with necrotic cell supernatants leads to the induction of IL-8.
Cell necrosis can be induced by extreme variances from physiological conditions, resulting in the loss of plasma membrane integrity and the release of intracellular contents into the extracellular milieu. Repeated freeze-thawing is a well-established method to induce necrosis in vitro and has been used by others to induce acute necrotic death of healthy cells, leading to the release of endogenous immunostimulatory molecules (14, 45) . We investigated whether substances released from necrotically killed human esophageal epithelial cells could activate the esophageal epithelial expression of proinflammatory genes by quantifying the expression of IL-8, a proinflammatory cytokine that has previously been shown to be upregulated in human and animal models of GERD (20, 21, 49) .
The immortalized nontransformed human esophageal epithelial cell line EPC2-hTERT was used to establish an in vitro model of human esophageal epithelial cell necrosis. EPC2-hTERT cells overcome replicative senescence and are immortalized by constitutively active telomerase without genetic or epigenetic abnormalities in the p53 and pRb pathways, making this immortalized cell line a useful in vitro model to study normal esophageal epithelial cell physiology (3). In addition, we have previously shown that both EPC2-hTERT cells and the parental primary EPC2 cell lines have similar TLR expression profiles and both cell lines act as innate immune effector cells in response to stimulation with TLR ligands (32) .
EPC2-hTERT cells were subjected to five cycles of freezethaw necrosis. Freeze-thawed cell suspensions were centrifuged to separate NCS from NCP. The 17-and 19-kDa fragments of caspase 3 were not detected in Western blots using cell lysates from freeze-thawed EPC2-hTERT cells, confirming that freeze-thaw cycles did not induce apoptosis (data not shown).
To determine whether immunostimulatory factors were released by necrotic esophageal epithelial cells, live EPC2-hTERT monolayers were stimulated with NCS at 37°C and harvested at various time points after stimulation. Exposure to NCS led to significant increases in IL-8 mRNA expression (Fig. 1A) , which peaked at the 3-h time point after stimulation.
NCS-induced IL-8 protein secretion by live EPC2-hTERT cells was confirmed by ELISA (Fig. 1B) . To verify that IL-8 protein was being produced de novo by live stimulated cell monolayers, IL-8 was also quantified in fresh medium (KSFM), freshly prepared freeze-thawed medium (FT-KSFM), and freshly prepared NCS prior to stimulation of EPC2-hTERT cells.
We next sought to determine whether the substances released by necrotic cells were responsible for the inflammatory response. EPC2-hTERT monolayers were stimulated with NCP for 3 h. Freeze-thawed KSFM (FT-KSFM) was used as a control. Compared with NCS, there was a modest increase in IL-8 expression in NCP-stimulated cells. Neither fresh KSFM nor freeze-thawed KSFM induced an inflammatory response (Fig. 1C) . Together, this indicated that substances released by necrotically killed EPC2-hTERT cells, but not the necrotic cells themselves, were primarily responsible for IL-8 induction in this human esophageal epithelial cell line.
Finally, to establish the potential relevance of this model system to physiological events in GERD, we determined whether esophageal epithelial IL-8 could be induced by exposure to supernatants from EPC2-hTERT cells killed by exposure to low pH. Animal models of esophageal acid perfusion have shown that pH Յ2 leads to esophageal epithelial cell necrosis (43, 53) . Following prolonged exposure of EPC2-hTERT cells to acidified HBSS (pH 2), acid-killed cell super- natants (acid-NCS) were used to stimulate live monolayers of EPC2-hTERT cells for 3 h at 37°C. Compared with controls stimulated with neutral pH (control) and acid-HBSS, stimulation of esophageal epithelial cells with acid-NCS significantly induced the mRNA expression of IL-8 (Fig. 1D) .
Activation of NF-B signaling by NCS stimulation. The transcriptional regulation of IL-8 is known to involve interactions between several transcription factors, requiring an NF-B element and either AP-1 or C/EBP elements (57) . We have previously shown that NF-B signaling pathways are activated by TLR signaling in EPC2-hTERT cells (32) . To determine whether endogenous danger signals might induce NF-B activation, we quantified the expression of IB␣ using cell lysates from NCS-stimulated EPC2-hTERT cells. IB␣ is a cytoplasmic inhibitor of NF-B that, when bound to the NF-B heterodimer, prevents its nuclear translocation (4). Following immune stimulation, IB␣ is degraded, allowing the nuclear translocation and activation of NF-B. IB␣ is then resynthesized under the regulatory control of NF-B, thus providing autoregulation of this signaling pathway (4, 16, 50) . As shown in Fig. 2A , NCS stimulation of EPC2-hTERT cells led to the degradation of IB␣ within 30 min after exposure. Consistent with known NF-B-autoregulatory pathways, this was followed by the resynthesis of IB␣ at the 1-h time point.
To determine the role of NF-B in the NCS-mediated induction of IL-8, EPC2-hTERT cells were stimulated with NCS in the presence or the absence of Bay11-7082. Bay11-7082 irreversibly inhibits NF-B nuclear translocation and activation by selectively inhibiting the phosphorylation and degradation of IB␣ (17) . Following pretreatment with Bay11-7082, there was a significant inhibition in NCS-mediated activation of IL-8 (Fig. 2B) .
Primary nontransformed human esophageal cells are unique in their ability to respond to self-derived NCS.
Others have previously shown that circulating immune effector cells can be activated by DAMPs released by epithelial or endothelial cells in vitro (14, 30) . Our observation that esophageal epithelial DAMPs of self-origin can activate innate immune responses has not been previously described in gastrointestinal (GI) epithelial cells.
To determine whether the ability to respond to self-derived DAMPs was unique to nontransformed human esophageal epithelial cells, freeze-thaw necrosis was induced in two GI epithelial cell lines: the esophageal squamous cell carcinoma cell line TE-1 and the Caco-2 colon cancer cell line. TE-1 and Caco-2 cells were stimulated with self-derived NCS, and IL-8 was used as a readout of the inflammatory response. Selfderived NCS induced a modest change in IL-8 expression in both cell lines (Fig. 3A) . To investigate whether this abrogated response to self-derived NCS could be due to a lack of immunostimulatory substances in the NCS, TE-1, and Caco-2-derived NCS were used to stimulate EPC2-hTERT monolayers. Surprisingly, both TE-1 and Caco-2-derived NCS strongly induced the mRNA expression of IL-8 by EPC2-hTERT cells (Fig. 3B) . Together, this suggested that transformed GI epithelial cells may have altered immune responses to self-derived endogenous danger signals.
Stimulation of EPC2-hTERT cells with mRNA induces the expression of IL-8.
The potential number of molecules that can be released by a necrotic cell is immense; however, only a small number of substances have been identified thus far as bona fide DAMPs. Among these DAMPs, host-derived RNA was recently identified as an endogenous ligand for TLR3 in several animal models of cell necrosis (8, 25) . To determine whether RNA was released by esophageal epithelial cells killed by freeze-thaw necrosis, we quantified RNA concentrations in NCS samples and determined that RNA was present in concentrations ranging from 2.68 to 4.74 g/ml (data not shown). RNA was also detectable in lower concentrations in NCS from acid-killed EPC2-hTERT cells (0.3 g/ml) (data not shown). On the basis of our previous study showing that TLR3 is the most abundantly expressed and functional of the human esophageal epithelial TLRs, we hypothesized that endogenously derived RNA might contribute to the proinflammatory properties of NCS.
To determine the immunostimulatory ability of mRNA, EPC2-hTERT cells were stimulated with self-derived purified RNA (10 g/ml) for 2 h at 37°C. Stimulation of EPC2-hTERT cells with endogenous RNA led to a significant increase in IL-8 expression (Fig. 4) .
On the basis of our unexpected observation that stimulation of EPC2-hTERT cells with TE-1-derived NCS resulted in a robust IL-8 response (Fig. 2B) , we next stimulated EPC2-hTERT cells with purified TE-1-derived mRNA (10 g/ml) . Surprisingly, stimulation of EPC2-hTERT cells with TE-1-derived mRNA led to a significant induction in IL-8 (Fig. 4) , in proportion to the enhanced immunostimulatory effect of TE-1-derived NCS on our cell line.
Inhibition of TLR3 signaling suppresses the innate immune responses to danger signals in human esophageal epithelial cells.
To determine the role of TLR3 in the immune response to NCS stimulation, we generated a DN-TLR3-expressing EPC2-hTERT cell line (hTERT-⌬TIR-TLR3) in which the overexpressed TLR3 transgene lacks the Toll/IL-R (TIR) domain required for intracellular signal transduction (38, 58) . We characterized the cellular localization of TLR3 expression in this DN-TLR3 cell line compared with control using immunofluorescence and confocal microscopy. Although most cell types express TLR3 on intracellular endosomal membranes, cell surface expression of TLR3 has also been reported in airway epithelial cells and fibroblasts (18, 35, 47) . TLR3 was localized to both the intracellular compartment and to the cell surface in both the control and DN-TLR3 cell line. Although overexpression of the ⌬TIR-TLR3 transgene did not significantly alter intracellular TLR3 expression, hTERT-⌬TIR-TLR3 cells demonstrated enhanced cell surface TLR3 expression compared with the control hTERT-puro cell line. Interestingly, the two cell lines exhibited different patterns of cell surface TLR3 expression; whereas surface expression of TLR3 by hTERT-puro cells was diffuse, surface TLR3 expression by hTERT-⌬TIR-TLR3 cells was distributed in a distinct speckled pattern (Fig. 5) .
To confirm the functional downregulation of TLR3 signaling in this cell line, hTERT-⌬TIR-TLR3 cell lines were first stimulated with the classic synthetic TLR3 ligand, polyinos- Fig. 4 . Induction of IL-8 expression by stimulation with purified epithelial mRNA. mRNA was isolated from EPC2-hTERT and TE-1 cells and was used to stimulate live EPC2-hTERT cells (10 g/ml). Results are representative of 3 separate experiments. *P Ͻ 0.05, ***P Ͻ 0.001. (Fig. 6A ).
Both cell lines were then stimulated with NCS derived from wild-type EPC2-hTERT cells to determine the role of TLR3 signaling in the response to endogenous DAMP stimulation. Compared with hTERT-puro cells, there was a significant reduction in NCS-mediated IL-8 induction in hTERT-⌬TIR-TLR3 cells (Fig. 6B) . When hTERT-puro and hTERT-⌬TIR-TLR3 cells were stimulated with purified RNA from EPC2-hTERT cells, minimal increases in IL-8 expression were observed in hTERT-puro cells (Fig. 6C) . Because TE-1 derived RNA was shown to be a more potent stimulant of IL-8 in EPC-hTERT cells (Fig. 4) , we determined its effect on IL-8 expression in both cell lines. TE-1-derived mRNA induced IL-8 expression in hTERT-puro cells, an effect that was suppressed in the hTERT-⌬TIR-TLR3 cell line (Fig. 6C) . Together, these results suggested that mRNA-TLR3 interactions may play a role in the innate immune response of human esophageal epithelial cells to danger signals released by dying cells.
DISCUSSION
To date, the contribution of TLR signaling to the pathogenesis of esophagitis has never been explored. When one considers the role of TLRs in pathogen recognition, this knowledge gap is explained by the notion that the esophagus, in contrast to the distal GI tract, is thought to have intermittent contact with low concentrations of potential pathogens. However, when considered in the context of epithelial injury and cell necrosis, a potential role for esophageal TLRs in sensing cell damage and injury becomes highly relevant to this common human disease.
TLR3 has been previously implicated as a sensor of cell damage and death in other model systems (7, 14, 31) . In mouse models, TLR3 signaling has been shown to be important for the development of normal inflammatory responses to skin injury (27) . In a mouse model of ischemic gut injury, macrophages from TLR3 Ϫ/Ϫ mice were unable to sense RNA released by necrotic neutrophils (8) . These and other studies show that TLR3 is an endogenous sensor of tissue necrosis and damage, in the absence of viral activation.
Our study demonstrates that esophageal epithelial cell death is a potent stimulant of IL-8 expression and may therefore support the concept that injury to esophageal epithelial cells is required for the development of GERD esophagitis. Human biopsy studies have shown that IL-8 immunoreactivity of human esophageal biopsies is localized to cells near the stratum basalis in human subjects with GERD (59) . Rabbit models of esophageal acid perfusion have also shown that luminal esophageal acid exposure leads to cellular necrosis, which is most pronounced in the metabolically active middle layer of the esophageal epithelium (stratum spinosum), sparing the superficial stratum corneum and the basal proliferating compartment, the stratum basalis (43) . Together with our findings, this may suggest a model of GERD in which luminal injury to the esophageal epithelium leads to cell damage and cell death in the stratum spinosum, followed by enhanced chemokine gene expression by adjacent basal cells of the esophageal epithelium. In support of this model, we now show that EPC2-hTERT cells, phenotypically similar to cells of the stratum basalis (3), have the ability to sense cellular stress and injury, functioning as innate immune effector cells in the initiation of esophageal inflammation.
The concept that GERD esophagitis is the result of caustic injury was recently challenged by others. Using a rat model of GERD, Souza et al. (49) showed that esophageal erosions did not develop until 4 wk following esophagoduodenostomy. Furthermore, esophageal epithelial lymphocytic infiltration and IL-8 immunoreactivity preceded the histological development of esophageal erosions. On the basis of these findings, they suggested that GER induces innate esophageal epithelial immune responses that lead to subsequent esophageal injury and inflammation. However, pronounced esophageal epithelial cytoplasmic IL-8 immunoreactivity was not observed until after the development of surface erosions in this model. Notably, edema of suprabasal cells was also observed following the development of surface erosions, similar to Orlando et al.'s (43) previously described models of caustic esophageal injury. Thus, although the early inflammatory events in Souza's model may support an injury-independent model of innate immune responses, their results do not exclude the possibility that acid-induced cell damage may also play a role in the pathogenesis of chronic GERD.
Both TE-1 esophageal squamous cell carcinoma cells and the Caco-2 colon cancer cell line mounted only modest IL-8 responses to self-derived NCS stimulation, demonstrating that the ability to respond to self-derived DAMPs is not a global finding in GI epithelial cells. These results might suggest that TE-1 and Caco-2 cells have reduced ability to detect endogenous danger signals, compared with nontransformed GI epithelial cells. Unexpectedly, we also found that substances released by necrotic TE-1 and Caco-2 cells are highly immunostimulatory to the nontransformed esophageal epithelial cell line used in our studies and that this effect may be attributable to their endogenous RNA. Although further investigation into these signaling mechanisms is beyond the scope of the present study, we speculate that these results could be applicable to cancer models in which dying tumor cells release immunostimulatory signals to normal cells in their local environment.
In contrast to the significant suppression of IL-8 induction in NCS stimulated hTERT-⌬TIR-TLR3 cells, we observed a downward trend in IL-8 induction by poly(I:C) in hTERT-⌬TIR-TLR3 cells that did not reach statistical significance. This is similar to our previous report in which suppression of TLR3 expression through RNA silencing did not completely abrogate the IL-8 response to poly(I:C) stimulation (32) . The dsRNA analog poly(I:C) has been well characterized as a potent and prototypical agonist of TLR3. Similar to dsRNA encountered in the context of viral infection, poly(I:C) stimulation activates several dsRNA signaling pathways including RIG-1 and MDA5 (11, 24) . Thus the existence of redundant dsRNA signaling pathways may explain the partial suppression of both poly(I:C) and NCS-induced IL-8 expression in this dominant-negative TLR3 cell line.
In contrast to innate immune responses to poly(I:C) and NCS, EPC2-hTERT-derived mRNA did not significantly increase IL-8 expression by hTERT-puro cells (Fig. 6D) . Our observation that mRNA from other esophageal cell lines induced variable IL-8 responses in EPC2-hTERT cells (Fig. 4) led us to determine whether this cell line would respond to a more potent mRNA stimulus. Consistent with its enhanced immunostimulatory effect on EPC2-hTERT cells, TE-1-derived mRNA induced IL-8 expression by hTERT-puro cells. The role of TLR3 signaling in detecting mRNA was confirmed by the blunted effect of TE-1 mRNA in the hTERT-⌬TIR-TLR3 cell line.
In this study, we have focused on endogenous RNA-induced TLR3 signaling as a potential mechanism by which EPC2-hTERT cells sense cell injury and necrosis, on the basis of our previous report that TLR3 is both highly expressed and functional in human esophageal epithelial cell lines. Surprisingly, hTERT-⌬TIR-TLR3 cells demonstrated enhanced expression of dominant negative TLR3 on the cell surface, compared with intracellular TLR3. This expression pattern may be consistent with differences between patterns of IL-8 induction in response to poly(I:C) and NCS stimulation. Whereas the expression of IL-8 peaks at 24 h following poly(I:C) stimulation (32), NCSinduced IL-8 expression peaks at 3 h after stimulation. Thus cell surface TLR3 signaling might participate in host innate responses to cell damage, which require a more rapid response compared with the more insidious host responses to viral infection as simulated by the dsRNA analog poly(I:C).
The lack of ssRNA-sensing TLR expression (TLR7 and TLR8) and DNA-sensing TLR9 expression by our cell line (32) likely excludes the involvement of other endogenously derived nucleic acids in this innate immune response. However, the incomplete suppression of IL-8 by NCS-stimulated hTERT-⌬TIR-TLR3 cells clearly indicates that other DAMPs and DAMP receptors play a significant role in this innate immune response. Like TLR3, TLR2 and TLR4 have also been characterized as bona fide DAMP receptors (9, 28, 56) . Although our cell line does not express TLR4 (32) , an investigation of the role of endogenously derived TLR2 ligands including heat shock proteins (Hsp70, Hsp90) and HMGB1 as DAMPs is needed.
In addition to TLRs, other DAMP receptors have been previously identified, and include RAGE (receptor for advanced glycation end-products) (15, 55) , integrins (26) , and scavenger receptors (37) . The growing list of identified DAMPs includes HMGB1 (1, 46) , uric acid/MSU (48), S100 proteins (13) , components of the extracellular matrix (12) , and heat shock proteins (5) . Investigations of these and other esophageal epithelial DAMP-receptor interactions will be important in our understanding of the mechanisms of GERDinduced esophageal inflammation.
In summary, we now propose a mechanism by which human esophageal epithelial cells can detect endogenous danger signals released by necrotic cells, leading to the activation of innate immune signaling. Our findings support the premise that necrotic cell death is a proinflammatory stimulus and may have potential implications for the study of common inflammatory disorders affecting the esophagus.
